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We used solution-phase hydrogen/deuterium (H/D) exchange and multistage tandem mass
spectrometry (MS/MS) experiments in an electrospray ion-trap mass spectrometer operating
in the negative-ion mode to investigate the consequences of the loss of a high proton-affinity
(PA) base from T-rich tetra and hexadeoxynucleotides. The T-rich oligodeoxynucleotides
containing one or two other nucleobases take advantage of the mass spectral inertness of T
because fragmentation of a T-rich oligomer is simple, allowing a tight focus on those processes
of interest. Furthermore, determination of T-rich oligodeoxynucleotides may be a starting
point in the development of a mass spectrometric scheme to understand the mutagenicity of
various types of DNA damage by UV radiation. For nine oligodeoxynucleotides, the
nucleobases were charged by nearly exclusive D transfer and then expelled as neutral bases.
Loss of the base located at the 39 end is preferred over that from the 59 terminus when the two
bases are identical. The observation of partially exchanged fragments from a completely
exchanged precursor ion proves intramolecular H/D exchange between hydrogen atoms that
can exchange in water and those that cannot. The multiplicity of the product-ion peaks
provides information on decomposition pathways and origins of the product ions and shows
that the loss of base is the first step in all fragmentation of hexanucleotides, but is a competitive
process for tetranucleotide fragmentation. (J Am Soc Mass Spectrom 2001, 12,
193–205) © 2001 American Society for Mass Spectrometry
We are developing a tandem mass spectromet-ric method to study mutation profiles ofDNA that has been damaged by UV light.
T-rich oligomers are the subject because T is an impor-
tant target for DNA UV damage [1]. Previously, we [2]
demonstrated that small, T-rich structural isomers can
be readily distinguished by tandem mass spectrometry
(MS/MS). In this article, we report a sequel study aimed
at exploring fragmentation mechanisms by using solu-
tion-phase H/D exchange and the multistage MS/MS
capability of an ion-trap mass spectrometer. T-rich
oligodeoxynucleotides are also well suited for mecha-
nism studies. T is relatively unreactive in mass spectral
fragmentations, allowing us to focus on selected frag-
mentations centered on other bases placed in a T-rich
environment.
Mass spectrometry and MS/MS have long played an
important role in the characterization of nucleotide
constituents. Fragmentation patterns of oligode-
oxynucleotides are similar in spite of the different
ionization or mass analyzers used [2]. The major frag-
mentation channel for electrospray-generated oligode-
oxynucleotide anions involves cleavage of the 39 C–O
bond of the sugar from which the nucleobase is lost to
give [a 2 B] ions or their complementary w ions. First-
generation fragment ions also form from cleavages
(accompanied by H rearrangement) of the phosphodi-
ester linkage, but these fragments are less abundant.
Various workers proposed different fragmentation
mechanisms to explain the formation of the w and [a 2
B] ions. As part of early work done with fast-atom
bombardment, we proposed a backside nucleophilic
SN2 attack on C-19 by the negatively charged 39-termi-
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nal phosphodiester group to release a charged base as
an initiation step (Scheme 1A) [3]. In later work,
McLuckey and Habibi-Goudarzi [4] suggested two 1,2-
elimination processes to account for losses of neutral
and a negatively charged bases, and for the subsequent
formation of [a 2 B] and their complementary w ions
(see Scheme 1B). Rodgers and co-workers [5] proposed
a proton-bound intermediate as the common precursor
for losses of both neutral and charged bases (Scheme
1C). The deprotonated 39-phosphate group abstracts the
29-proton from the sugar moiety, leading to cleavage of
the N-glycosyl bond. The released base anion interacts
with the neutralized 39-phosphodiester group to form a
proton-bound dimer, which dissociates, giving elimina-
tion of either a charged or a neutral base.
Barry et al. [6] proposed a two-step, 1,2-elimination
mechanism (Scheme 1D). The N-glycosyl bond cleavage
is initiated by attack of the 3-phosphate anion, which
interacts with the 29-proton on the sugar via a six-
membered ring transition structure. The subsequent
39-phosphodiester bond cleavage is triggered by attack
of the 59-phosphate group that interacts with the 49-
proton on the sugar also via another six-membered ring
transition structure to give [a 2 B] and w ions.
In a previous article [2], we proposed that transfer of
the 59-phosphate acidic proton to the nucleobase ini-
tiates neutral-base loss via a tripolar intermediate,
which then fragments to give [a 2 B] and w ions
(Scheme 1E). For convenience, we will refer to this
intermediate as a zwitterion because it is a zwitterion
that is produced in the H1 transfer. We report here our
efforts to investigate more deeply the mechanism by
using H/D exchange and multistep tandem mass spec-
trometry.
Hydrogen/deuterium (H/D) exchange is a well-
established technique for studying solution conforma-
tions of large biomolecules, particularly proteins [7].
Oligodeoxynucleotides were previously studied by
H/D exchange using Fourier transform ion cyclotron
resonance (FTICR) mass spectrometry [8, 9] and triple
quadrupole mass spectrometry [10] to determine ex-
change rates and exchange sites. The first investigation
of fragmentation pathways by using H/D exchange in
solution phase made use of matrix-assisted laser de-
sorption/ionization (MALDI) with post-source decay
(PSD) of positive ions [11].
The system we chose is a set of T-rich tetramers and
hexamers. From our previous work [2], we found the
most abundant cleavages of the backbone to give diag-
nostic fragments for distinguishing isomers always oc-
cur around a non-T base in the “inert” T-rich environ-
ment. Taking a lead from that work, we incorporated a
high-PA base or bases at different positions in T-rich
frameworks and determined, with the help of H/D
exchange, the effect of these bases on the multistep
fragmentation of the precursor.
Experimental
Materials and Sample Preparation
All oligodeoxynucleotides used in this study were
synthesized and purified (on the 0.2-mmol scale) by the
Nucleic Acid Chemistry Laboratory at Washington Uni-
versity and were used without further purification.
Samples were dissolved in D2O (99.9% D, Cambridge
Isotope Laboratories, Andover, MA) under dry N2 gas
in a glove bag. They were transferred to a SC110-120
Savant Speed VAC and dried. The dried mixture was
re-dissolved in D2O; the process was repeated three
times to ensure full deuteration. The deuterated sam-
ples were then mixed with an equal volume of dry
acetonitrile (ACN) to give a final concentration of 20
pmol/mL. The native samples were prepared in 50/50
Scheme 1. Previously proposed fragmentation mechanisms for a
generalized oligodeoxynucleotide.
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H2O/ACN at a final concentration that was also 20
pmol/mL. To prevent back exchange when samples
were infused through a syringe pump to the electros-
pray ionization (ESI) source, the infusion tubing and
syringe were washed with D2O followed by 50/50
(v/v) D2O/ACN.
ESI-MS with an Ion-Trap Mass Spectrometer
Negative-ion ESI-MS spectra were obtained with the
Finnigan LCQ mass spectrometer (San Jose, CA) by
infusing directly the sample solutions at 5 mL/min into
the mass spectrometer. The spray voltage was 4.0 kV,
and the capillary temperature was 200 °C. The analyzer
was operated at a background pressure of 2.6 3 1023
Pa, as measured by a remote ion gauge. In all experi-
ments, helium was introduced, as usual, to an estimated
pressure of 1 mtorr for improving the ion trapping
efficiency. The background helium gas also served as
collision gas during the collisionally activated dissocia-
tion (CAD) process. The deuterated precursor ions were
isolated with an “isolation width” that was set to
between 1.5 to 2 u to ensure that only the completely
exchanged species was activated during the CAD event.
The collision energy was adjusted so that the relative
intensity of the signal corresponding to the precursor
ion was approximately 10% of that of the most abun-
dant fragment ion in the product-ion spectrum. For
tetramers, approximately 20% of the maximum avail-
able from a 5-V tickle voltage was required; for hexam-
ers, about 40% of the maximum available from a 5-V
tickle voltage was applied. The scan rate for product
ions was 5000 u/s. Data from approximately 10 scans
were collected and analyzed with both the instrument
and the ICIS software provided by the manufacturer.
MS3 experiments were done by isolating the fragment
ion of interest, as seen in the first-generation, product-
ion spectra, and applying a suitable collision energy to
decrease the signal intensity corresponding to the pre-
cursor ion in the second-generation spectrum to ap-
proximately 10% of that of the most abundant fragment
ion.
Results and Discussion
Tetramers
Full-scan ESI mass spectra of native d(TATT) (Figure
1A) and deuterated d(TATT) (Figure 1B) show that we
were able to successfully exchange more than 90% of
the exchangeable protons to deuterons. Because we can
achieve 1.5 to 2 u isolation width with the ion trap
without significant loss of ion intensities, “complete”
exchange was not necessary. To maintain sufficient
precursor ion intensity to do the MS/MS and MS3
studies, however, we designed our exchange procedure
to give the most highly deuterated DNA oligomers that
were reasonably possible. For convenience of discus-
sion, we will refer to the species that have all of their
exchangeable protons replaced by deuterons as a “com-
pletely exchanged species.”
We collected low-energy CAD spectra for both na-
tive and deuterated oligomers. For all the tetramers, the
fragments of the native samples and for the deuterated
samples are nearly the same; an example is given in
Figure 2 for native (panel A) and deuterated d(TATT)
(panel B). Upon fragmentation, nonexchangeable hy-
drogen atoms may move to exchangeable sites if they
are involved in rearrangements. Subsequent intramo-
lecular H/D exchange may then lead to partially ex-
changed fragments even though the precursor was
completely exchanged. We organized the discussion
that follows around the location of a high proton
affinity (PA) or non-T base in various T-rich oligode-
oxynucleotides, and we use the nomenclature devel-
oped by McLuckey [12] throughout the discussion.
Oligodeoxynucleotides with high PA base at the termini:
d(GTTT). Beginning with d(GTTT), we see that T is
expelled as a completely exchanged species, giving a
single peak at m/z 1060.0 (see Table 1). Base G departs as
GD, giving a singlet m/z 1032.9 signal. Loss of a neutral
base requires a proton transfer and because the base is
lost with an additional D, the proton to be transferred
must have been exchangeable and is likely to be from a
phosphate group adjacent to the nucleobase. This trans-
fer produces a zwitterionic moiety with a negative
charge located on the phosphate backbone and positive
charge on the nearby nucleobase, and this species must
exist at least transiently. Because the molecule has an
overall 21 charge, the zwitterionic species we describe
is really tripolar, possessing one positive and two
negative charges.
We are now able to reject the proposal that the base
loss is a 1,2-elimination reaction, which was previously
proposed [4–6], because a 1,2 elimination involves the
29 nonexchangeable sugar proton and would give TH
and GH losses.
We then designed an MS3 experiment to investigate
the fragmentation that follows the base loss from the 59
end. When [M 2 D 2 GD]2 was activated, it gave
exclusively a w3 ion that is 2 u less than the completely
exchanged w3, providing a basis for the proposed
mechanism in Scheme 2. The initiating step is D transfer
to the high-PA base G. Although transfer of the nearby
39-phosphate D is not stereochemically favorable, the
structural flexibility of single-stranded oligode-
oxynucleotides in the gas phase [11] makes possible the
formation of “zwitterionic species A.” Following ab-
straction of the 29-proton on the sugar moiety, cleavage
of the N-glycosyl bond, and elimination of GD, the
39-phosphate abstracts the 49-proton on the sugar to
give the w3 ion. This product, with two protons on the
terminal phosphate, is 2 u less than the mass of the
completely exchanged species.
The observation of a doublet peak for w3 ion in first
generation indicates that there is another pathway for
formation of w3. The m/z 935.0 ion is not observed in
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MS3 and is probably formed directly in competition
with the GD loss (Scheme 3).
It is tempting to assign the singlet peak at m/z 915.7
(Table 1) as the [w3 (completely exchanged) 2 D2O]
ion. Because the completely exchanged w3 ion was
never found in the first-generation, product-ion spec-
trum, the m/z 935.0 ion must lose HDO, and the m/z
934.0 ion must lose H2O to give singlet m/z 915.7. To
investigate the origin and the structure of the m/z 915.7
ion, we conducted an MS3 experiment on the w3 ion
from native d(GTTT). When activated, w3 did not lose
water; rather it gave y3 (RA 5 22%), z3 (RA 5 7%), w2
(RA 5 72%), and x2 (RA 5 100%) ions. Given these
observations and the fact that the m/z 915.7 ion has all
active protons replaced by deuterons, we conclude that
the m/z 915.7 ion is an x3 ion, and its structure has a
metaphosphoric-acid ester group at the 59 end (Scheme
4). This x3 ion can be formed either before or after the
GD loss (Scheme 4). By analogy, we assign the m/z 610.0
ion as x2.
The observed a3 (m/z 862.0) ion is 1 u less than the
mass of a fully exchanged species. Therefore, it is not a
first-generation ion that would be formed by H transfer
and cleavage of the phosphodiester linkage. It is prob-
ably formed after the 39-terminal T base is lost (see the
next section for a detailed discussion).
We view the other decomposition reactions of the
deprotonated oligodeoxynucleotide precursor ions as
occurring by H transfers and cleavages centered at
phosphodiester linkage. In the completely exchanged
precursors, D transfer accompanies the cleavage, and
the whole process does not require intramolecular H/D
exchange. As a result, the product ions have all ex-
changeable Hs replaced by Ds. Examples of these ions
are c3, x3, b3, c2, w2, and x2 (Table 1).
d(TTTG). We then investigated the oligonucleotide,
d(TTTG), for which the high-PA base is at the 39 end
(Table 1). Base T departs as TD as seen by the single
peak at m/z 1060.2, but we needed an MS3 experiment
Figure 1. ESI mass spectra of native d(TATT) (A) and deuterated d(TATT) (B). The larger than
normal C13 peak for native d(TATT) may be due to the smoothing process.
196 WAN ET AL. J Am Soc Mass Spectrom 2001, 12, 193–205
on the [M 2 D 2 TD]2 ion to locate the site of neutral
TD loss. The exclusive formation of a w3 ion from [M 2
D 2 TD]2 precursor demonstrates that the TD loss is
from the 59-terminus. The w3 ion in MS
3 manifests itself
as a singlet peak that is 2 u less than the completely
exchanged w3. Scheme 2 explains the degree of deutera-
tion observed for the w3 ion in the MS
3 experiment. The
degree of deuteration of the w3 ion in the MS
3 experi-
ment shows that the 59-OD cannot undergo intramolec-
ular H/D exchange before the backbone is cleaved, at
least not within the time frame of the CAD event in an
ion trap. This suggests that the intramolecular H/D
exchange rate in the gas phase for 59-OD group is
slower than that for the phosphate group.
The loss of base G involves D transfer because the
product appears as a singlet at m/z 1033.0. Compared
with that from d(GTTT), GD loss from d(TTTG) is more
abundant (Table 1). If we assume the proton affinity for
G does not depend on its position, the differences in
neutral base loss are likely due to the steric availability
of protons/deuterons in the two sequences. For
d(GTTT), deuteron transfer must must overcome a
stereochemical barrier to transfer from the nearby 39-
phosphate group. For d(TTTG), a proton (deuteron) on
the nearby 59-phosphate is readily available. One of the
reviewers pointed out, and we agree, that D transfer to
G may come from a middle phosphate group instead of
the adjacent phosphate, taking the advantage of the
structural flexibility of single-stranded oligode-
oxynucleotides in the gas phase [11].
To follow the consequences of neutral base loss from
the 39 terminus, we activated [M 2 GD]2 in an MS3
experiment. D2O loss is predominant. If the driving
force for D2O loss from [M 2 D 2 GD]
2 were the
Figure 2. Product-ion spectra of ESI-produced native d(TATT) (A) and deuterated d(TATT) (B).
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formation of a 59-substituted furan structure, we would
expect a loss of HDO, not D2O. Instead the initiation
step involves a deuteron transfer probably from the
nearby 59-phosphate group to give 39-terminal base loss
(Scheme 5). The positive charge that develops on the
sugar moiety may be stabilized by the negative charge
on the nearby 59-phosphate.
The final product in the D2O loss is a cyclic phos-
phate, which when activated in MS4, gives an a3 ion.
Owing to the previous intramolecular H/D exchange
process, this a3 ion is 1 u less than an a3 with all active
Hs replaced by Ds [i.e., the a3 ion is of m/z 835.0 from
d(TTTG)], which is consistent with the proposed mech-
anism.
For d(GTTT) (Table 1), the formation of an a3 ion,
which is also 1 u less than a completely exchanged a3,
can also be rationalized by the mechanism in Scheme 5.
MS3 of the [M 2 D 2 TD]2 from d(GTTT) also shows
that the loss of water is of exclusively D2O from the
precursor (Table 1). This strongly suggests that the TD
loss is from the 39-terminus.
Besides neutral-base loss and subsequent backbone
cleavage, first-generation cleavage/rearrangement re-
actions result in sequence ions with all the exchangeable
Hs replaced by Ds: examples are x3, d3, b3, w2, x2, and
c2. These processes must not be preceded by any
intramolecular H/D exchange.
Oligodeoxynucleotides with an internal, non-T base:
d(TGTT), d(TATT), and d(TCTT). We investigated three
tetramers with a high PA base located at the 2 position
from the 59-end (Table 1). For the three sequences, the
high-PA bases (G, A, and C), as well as T, were lost
following D transfer (without H/D scrambling) as the
corresponding product-ion peaks were singlets.
For d(TGTT), an MS3 study of [M 2 D 2 TD]2
shows a dominant sequential D2O loss, indicating that
the TD loss involves the 39-terminal T. If TD loss were
from the 59 terminus, formation of a w3 ion would
follow [see discussion for d(GTTT)]. For d(TATT), ex-
clusive D2O loss was again found when [M 2 D 2
TD]2 was activated in an MS3 experiment, indicating
that the neutral TD loss is from the 39-end. Therefore,
when the 59- and 39-terminal bases are identical (have
the same PA), the loss is from the 39 and not the 59
terminus.
Scheme 2. Proposed mechanism for the formation of w3 that is 2 u less than completely exchanged.
Scheme 3. Proposed mechanism for the formation of w3 that is
1 u less than completely exchanged.
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An MS3 study shows that [M 2 D 2 GD]2 from
d(TGTT) gives exclusively a w2 ion; it is represented as
two peaks, 1 and 2 u (as unresolved shoulder) less than
a completely exchanged w2. The initiation step is again
deuteron transfer from the nearby 59-phosphate to the
non-T, high-PA base (Scheme 6). The w2 ion that is 1 u
less than a completely exchanged species arises by
abstraction of a 49-proton from the sugar by the 39
deprotonated phosphate. The w2 ion seen in the first-
generation spectrum, however, appears as a triplet with
one completely exchanged component (m/z 630.1), indi-
cating there is another pathway for its formation. That
pathway involves cleavage of the 39 C–O bond before
the high-PA base is lost as a completely exchanged
Scheme 4. Proposed mechanism for formation of x3.
Scheme 5. Proposed mechanism for loss of D2O from [M 2 base4]
2 and the subsequent formation
of a3 that is 1 u less than completely exchanged.
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neutral (Scheme 7). There is in Figure 2B an unresolved
peak at m/z 628 with approximately 10% of relative
abundance. It can be formed by intramolecular H/D
exchange [D transfer from the second phosphate to the
first phosphate after BD loss (B from second position) in
Scheme 6] following the base loss. The unresolved
shoulder at m/z 628 in the MS3 spectra supports this
argument. The multiplicity and degree of deuteration of
w2 ions from d(TATT) and d(TCTT) are consistent with
the proposed mechanisms (Schemes 6 and 7).
Because the three sequences we reported in this
section start and end with T, we cannot distinguish
d3/w3, c3/x3, b3/y3, and a3/z3 by the m/z of the product
ion. Nevertheless, previous work shows that the ions
are w, x, y, and z ions, respectively [2]. The observed
multiplicity and degree of deuteration of w3 ions from
the three sequences can be rationalized by Schemes 2
and 3, whereas that of z3 ions from the three sequences
are in accord with Scheme 5.
The other decompositions of the deprotonated oli-
godeoxynucleotide precursors can be viewed as cleav-
ages induced by D transfer and centered at the phos-
phodiester linkage (the product ions have all
exchangeable Hs replaced by Ds). Examples are c3/x3,
b3/y3, w2, x2, and c2.
d(TTGT). We then studied d(TTGT) in which the
non-T base is at the third position. Both the T and G
bases were lost as completely exchanged neutrals (i.e.,
with D transfer and no detectable scrambling) and the
[M 2 D 2 TD]2 and [M 2 D 2 GD]2 appear as sin-
glets when d(TTGT) was activated in the ion trap (see
Table 1). When [M 2 D 2 TD]2 was activated in an
MS3 experiment, it fragments to give 100% [M 2 TD 2
D2O]
2 and 78% [d3/w3]
2. These two products reveal
that TD losses are from both ends; the loss from the 39
terminus is favored because the more abundant subse-
quent product is from D2O loss.
When [M 2 D 2 GD]2 was activated in an MS3
experiment, it fragments nearly completely to [a3 2
G]2 whose degree of deuteration is 1 u less than a
completely exchanged [a3 2 G]
2. In the proposed
mechanism (Scheme 8), deuteron transfer from the
59-phosphate to the high-PA base is followed by the
abstraction by the 39-phosphate of the 29-proton on the
sugar and loss of neutral GD. A deprotonated 59-
phosphate can also abstract a 49-proton of the sugar,
providing a second route for the MS3 formation of [a3 2
G]2, which would be 1 u less than expected for a
completely exchanged species. The product-ion spectra
Scheme 6. Proposed mechanism for formation of w2 that is 1 u less than completely exchanged.
Scheme 7. Proposed mechanism for formation of completely
exchanged w2.
201J Am Soc Mass Spectrom 2001, 12, 193–205 MECHANISM OF OLIGONUCLEOTIDE FRAGMENTATION
of d(TTGT), however, shows that [a3 2 G]
2 is a doublet
with a completely exchanged [a3 2 G]
2 at m/z 708.9.
The alternative pathway may be a rapid or concerted
one-step elimination (Scheme 9). The product can also
form by a D transfer from the 39 to the 59 phosphate
with subsequent abstraction of the 49 sugar H by the 39
phosphate and backbone cleavage [11, 13, 14].
The observed multiplicity and degree of deuteration
of d3/w3 (doublets with 1 and 2 u less than the
completely exchanged ions) and a3/z3 (singlet with 1 u
less than the completely exchanged ions) are in accord
with Schemes 2, 3, and 5. The other fragmentations of
the deprotonated oligodeoxynucleotide precursor ions
involve cleavages of the phosphodiester linkage accom-
panied by active H (D) transfer without intramolecular
H/D exchange. Examples are b3/y3, c3/x3, x2, and c2.
d(TGCT). When two high-PA bases are incorporated
in the middle positions of the tetramer d(TGCT) (Table
1), all the bases (G, C, and T) depart in parallel reactions
as completely exchanged neutrals. MS3 shows that
[M 2 D 2 CD]2 decomposes to a predominant [a3 2
C]2 (Scheme 8). The mechanisms for decomposition to
give d3/w3, a3/z3, [a3 2 C], and w2 ions are the same as
those proposed for tetramers with one high PA base in
position 2 or 3. The evidence is that all appears as
doublets (except for triplet w2 and singlet a3/z3), and
the degree of deuteration is either 1 or 2 u less than a
completely exchanged species.
Hexamers
To examine whether the proposed mechanisms apply to
larger T-rich oligonucleotides, we investigated two T-
rich hexamers. The full-scan ESI/mass spectra of native
d(TCTTGT) and deuterated d(TCTTGT) show that we
could achieve a satisfactory degree of exchange. The
low-energy CAD spectra of singly charged native
d(TCTTGT) (Figure 3A) and singly charged deuterated
d(TCTTGT) (Figure 3B) show that fragments formed
from the native samples apply also to the deuterated
samples.
d(TCTTGT). Activated [d(TCTTGT)]2 after exchange
loses the C and G bases as completely exchanged
Scheme 8. Proposed mechanism for the formation of [a3 2 B3] that is 1 u less than completely
exchanged.
Scheme 9. Proposed mechanism for the formation of completely
exchanged [a3 2 B3].
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neutrals (Table 2). MS3 experiments on the [M 2 D 2
base]2 show that the [M 2 D 2 CD]2 decomposes to
give a w4 ion. The product appears as a doublet of m/z
1268.1 and 1267.0 (1 and 2 u less than the mass of
completely exchanged w4). The proposed mechanism
(Scheme 10) shows that w4 will be 2 u less than the
completely exchanged w4 if there is intramolecular D
transfer prior to the 39 C–O bond cleavage (pathway 2).
Alternatively, w4 will be 1 u less than the completely
exchanged w4, if there is no intramolecular D transfer
(pathway 1, Scheme 10).
Activation of [M 2 D 2 GD]2 gives [a5 2 G]
2,
which appears as a doublet of m/z 1306.0 and 1305.0 (1
and 2 u less than the completely exchanged [a5 2 G]
2).
The proposed mechanism (Scheme 11) indicates that the
[a5 2 G] ion will be 2 u less than the completely
exchanged [a5 2 G]
2 if there is intramolecular D trans-
fer prior to the 39 C–O bond cleavage (pathway 2).
Alternatively, [a5 2 G] will be 1 u less if there is no
intramolecular D transfer (pathway 1, Scheme 11).
d(TGTTCT). The m/z values and relative abundances
of the product ions (Table 2) from activating the ex-
changed d(TGTTCT) show, as expected, that G and C
are both lost as completely exchanged neutrals. Upon
multistage CAD, [M 2 D 2 CD]2 gives a [a5 2 C]
2
and [M 2 D 2 GD]2 gives a w4 ion. The multiplicity
and degree of deuteration of [a5 2 C]
2 and w4 are
explained in Schemes 10 and 11.
The interesting difference between tetramers and
hexamers is that the former mainly give fragments in
which active Hs are Ds. The hexamers, however, give
product ions that are either 1 or 2 u less than those that
are fully exchanged (an exception is [M 2 D 2 BD]).
MS3 experiments reveal that the [M 2 base]2 is the
exclusive precursor for other product ions seen for the
hexamers. These results suggest that the intermediate
[M 2 D 2 BD]2 is more stable and longer lived than
the [M 2 D 2 BD]2 formed from tetramers. This en-
hanced stability allows intramolecular exchange to oc-
cur before subsequent fragmentation and makes other
decompositions less competitive than they are for tet-
ramers.
Figure 3. Product-ion spectra of native d(TCTTGT) (A) and
deuterated d(TCTTGT) (B).
Table 2. Fragment ions and their relative abundances for hexamers
Ion type
d(TCTTGT) d(TGTTCT)
Mcal
a Mobs
b
RA
(%) Mcal Mobs
RA
(%)
M 2 D 1786.4 1786.4 1786.4 1787
M 2 CD 1672.4 1671.9 59 1672.4 1671.9 27
(a5 2 B5)
c (1348.3) (1347.0) (85)
(1345.7) (100)
(w4) (1269.3) (1268.1) (63)
(1267.0) (100)
M 2 GD 1631.4 1630.9 100 1631.4 1630.8 100
(a5 2 B5) (1307.3) (1306.0) (38)
(1305.0) (100)
(w4) (1228.3) (1227.1) (36)
(1225.9) (100)
a5 2 B5 1307.3 1306.1 51 1348.3 1346.9 7
1305.0 56 1345.9 9
w4 1269.3 1268.1 51 1228.3 1227.0 26
1267.0 40 1226.1 32
aCalculated mass with maximum deuteration.
bMeasured mass.
cMS3 data are in parentheses and are generated from the precursor ions in the same cell.
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Scheme 11. Proposed mechanism for the formation of [a5 2 B5] ions that are 1 and 2 u less than
completely exchanged.
Scheme 10. Proposed mechanism for the formation of w4 ions that are 1 and 2 u less than completely
exchanged.
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Conclusions
H/D exchange combined with multistage MS/MS
shows that nucleobases are charged by proton transfer
from an adjoining phosphate before they depart as
neutrals. This process requires the (transient) existence
of a tripolar species containing a negative charge on the
phosphate backbone, a positive countercharge on a
(neighboring) nucleobase, and an excess negative
charge to account for the net 21 charge (ignoring the
last charge, we refer to it as “zwitterionic”). This tripo-
lar, transient species was proposed in our earlier study
[2] and finds strong additional support from the H/D
exchange results reported here.
Losses of the bases A, G, and C are more favored
than that of T because the former bases have higher PAs
than that of T. Loss of the base from 39 is preferred over
that from the 59 terminus, all other factors being equal.
MS3 experiments on the exchanged samples reveal that
59-terminal base loss is followed by the formation of a w
ion, whereas the 39-terminal base loss is followed by
loss of D2O to give a putative cyclic phosphate. H/D
labeling also reveals that the normally assigned “w 2
H2O” ion is an x ion.
The [M 2 B]2 is the sole precursor for all the frag-
ment ions of hexameric oligodeoxynucleotides, but not
for tetramers. The difference in the fragmentation of
tetramers and hexamers may be due to the formation of
a unique tripolar complex for tetramers (see the accom-
panying article for a detailed discussion). If base loss
from larger, more heterogeneous oligodeoxynucleo-
tides is general, modification of large oligodeoxynucle-
otides to reduce the PA of the nucleobases should raise
the energy for loss of a base, offering a strategy for
stabilizing these materials and promoting mass spectro-
metry as a general tool for DNA analysis [11]. Further-
more, there is a significant need to extend these studies
to multiply charged precursors.
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